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A B S T R A C T
The incorporation of nitrogen into carbon nanotubes (CNTs) might increase their conductivity that can further
enhance their excellent properties which is a very important issue nowadays. The current research focused on
the fabrication of nanotube forests via catalytic chemical vapor deposition method and the investigation of
nitrogen incorporation into carbon nanotubes on the surface of various substrates such as aluminum, titanium
and silicon. Also, this study dealt with different catalyst layer deposition techniques in order to simplify the
production of CNT forests. Besides, more complex layer construction methods such as pulsed laser deposition
and dip-coating were also applied since they can influence the incorporation of nitrogen into carbon nanotubes
as well. Samples were analyzed by scanning electron microscopy, transmission electron microscopy, energy-
dispersive X-ray spectroscopy, and Raman spectroscopy.
1. Introduction
Nowadays, vertically aligned carbon nanotube forests play an im-
portant role in many studies due to their 3D structure and outstanding
physical and chemical properties. A research team in Beijing succeeded
suly in the production of carbon nanotube (CNT) forests via catalytic
chemical vapor deposition (CCVD) synthesis technique [1], which was
later proved to be the only method suitable to achieve such structures.
A very important step in the production of carbon nanotube forests is
the deposition of the catalyst layer which can be easily carried out these
days, for example via pulsed laser deposition (PLD) [2], spray-coating
[3] and dip-coating [4]. As catalytic materials most commonly Fe [5],
Co [6], Fe-Co [7–9] and Ni [10] salts are used. The quality of substrates
in the production of carbon nanotube forests also plays a crucial role,
namely the catalyst adhesion ability onto the substrate surface might
strongly influence the features of the final product [11]. The most
commonly used conductive substrates are titanium [12], aluminum
[13], stainless steel [14] and copper [15], which are easy to apply in
various electronic devices, however, SiO2 [16] is also frequently used.
To further enhance the excellent electrical properties of CNTs, they
are often doped with N and B. In the case of N-doping, they exhibit n-
type behavior [17], which may play an important role in their
application. Nowadays, the doping process can be carried out in many
ways, e.g. with injection [18], water-assisted approach [19], pyrolysis
method [20], horizontal injection [21], nitrogen plasma doping [22],
plasma assisted N-doping [23], electron cyclotron resonance [24], or
bubbling [25]. The structure of CNTs is (largely) dependent on the
doping process which can influence the diameter of carbon nanotubes,
often together with the appearance of bamboo structure in carbon na-
notube walls. NH3 is the most commonly used material to dope carbon
nanotube forests [26], but other nitrogen-containing compounds such
as acetonitrile [19], ethylenediamine [27], 4-tert-butylpyridine [28],
and palm oil [29] are also proved to be effective to incorporate nitrogen
into carbon nanotube structures. Due to the fact that the application of
on silicon substrate usually results in high quality carbon nanotube
forests, SiO2 is the most widely used substrate during N-doping nowa-
days [30]. However, by the application of conductive substrates, the
outstanding electric properties of CNT forests could be utilized much
more effectively. In spite of this fact, there are only a few examples in
the literature for the growth of N-doped CNT forests, e.g. on stainless
steel [31]. Nevertheless, more and more successful attempts have al-
ready been published about the synthesis of undoped CNT forest
structures on conductive substrates [32], which provide a good basis for
the fabrication of their doped counterpart. Doped (vertically aligned)
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CNTs are often prognosticated to be promising candidates to form in-
tegral parts of fuel cells [33] and sensors [34].
In this paper the influence of different substrates and layer-building
techniques both on the growth of CNT forests and on the incorporation
of nitrogen into carbon nanotubes was investigated. The major goal was
to build CNT forest onto a conductive substrate and simultaneously
increase the nitrogen incorporation into their structure, thus utilizing
the increasing conductivity of these N-doped patterns, which can be
further enhanced by the conducting substrate.
2. Materials and methods
2.1. Materials
The substrates applied for the synthesis of carbon nanotube forests
were aluminum (99.99%, VWR), titanium (99%, VWR) and silicon
(<100>, P-type, Sigma). During the fabrication of the catalyst layer
with the pulsed laser deposition (PLD) method, aluminum oxide (WRS
Materials Company), iron(III) oxide (99.998%, Sigma-Aldrich) and co-
balt(II) oxide (99.99%, Sigma-Aldrich) were used as target materials,
while for the dip-coating method, cobalt (cobalt(II) nitrate hexahy-
drate, 99% (Sigma-Aldrich)), iron (iron(III) nitrate nonahydrate,
99.9%, Sigma-Aldrich) and absolute ethanol (99.8%, VWR) as solvent
were used. Nitrogen (99.995%, Messer), hydrogen (99.5%, Messer) and
ethylene (>99.9%, Messer) were used as synthesis gases. During the
synthesis tripropylamine (TPA; ≥98%, Sigma-Aldrich) and acetone
(Ac; a.r., Molar Chemicals Kft.) were used as nitrogen sources in 3:7
ratio.
2.2. Catalyst preparation
During the experiments two catalyst coating techniques, PLD and
dip-coating methods were used. For the silicon substrate the PLD
method, for the aluminum substrate the dip-coating method, and for the
titanium substrate both methods were applied to build the catalyst
layer.
During the PLD method proper mixture of Fe2O3 and CoO was used
as target materials for the catalyst layer, and as support layer Al2O3 was
also deposited onto the surface of the substrate. The pellets (m = 1 g
and D = 1 cm in diameter) were prepared both from the catalysts
mentioned above (applying Fe:Co = 1:1 ratio) and the support mate-
rial, then a stabilization step was carried out in an oven (500 °C, 4 h). In
the second step, the substrates were cut into smaller pieces and cleaned
via sonication in distilled water, absolute ethanol and acetone to re-
move the surface contamination. Thereafter, the layer deposition was
carried out using an LLG TWINAMP KrF excimer laser (λ = 248 nm,
pulse length: 18 ns, repetition rate: 10 Hz) with an average fluence of
20 J/cm2. To ensure the uniform adhesion of the catalyst layer to the
substrate surface, the latter was placed into the vacuum chamber 3 cm
away from the catalyst pellet. Lastly, all fabricated samples were in-
vestigated by ellipsometry to check the thickness of the catalyst, which
was found to be 5 nm for each sample.
For the dip-coating method, Fe(NO3)•9H2O and Co(NO3)2•6H2O
precursors were used, applying absolute ethanol as solvent to prepare
catalyst ink at 0.11 M concentration and catalyst ratio of Fe:Co = 2:3.
To prevent the possible degradation of the ink, the catalyst solution was
prepared freshly in each case. The substrate was cleaned the same way
as described above except for the heat treatment which was applied for
only 1 h at 400 °C in a static oven, in order to form a native oxide layer
on their surface, which helps the adhesion of the catalyst layer to the
substrate surface. Following these steps, the catalyst layer was evolved
using a KSV dip-coater LM (KSV Instruments Ltd., Helsinki, Finland),
applying 10 s immersion time and immersion/extraction rates of
200 mm/min in each case. To stabilize the catalyst via oxide formation
on the surface of the substrate, the coated substrates were heat treated
again for 1 h at 400 °C in a static oven.
2.3. CCVD synthesis
To grow carbon nanotube forests catalytic chemical vapor deposi-
tion (CCVD) was used. The synthesis process was the same in all cases,
although certain parameters such as synthesis time, temperature and
gas flow were optimized for each substrate. At the beginning of the
syntheses, the substrate which was cut to size (4 × 4 mm) beforehand
was placed into a quartz boat and then into a quartz reactor which was
pushed into a preheated tube furnace under nitrogen flow. The CCVD
reaction temperature was 640 °C for aluminum substrates (due to their
low melting point - 660 °C), 700 °C for titanium substrates and 740 °C
for silicon substrates. Then, the hydrogen gas flow was started to pro-
vide reductive atmosphere in the system, then ethylene was supplied
for 5 min; in certain runs, the mixture of nitrogen gas and TPA-Ac as
nitrogen source was also fed into the system via bubbling. Gas feed
values are summarized in Table 1.
The synthesis times for aluminum, titanium and silicon substrates
were 15, 30 and 20 min, respectively. According to the literature these
parameters proved to be the most suitable for the synthesis of CNT
forests, with the view to incorporate nitrogen into the CNTs [3,4,16]. At
the end of the synthesis, the quartz reactor was removed from the
furnace, all gas flows were closed except for nitrogen, the quartz reactor
was let to cool down and finally, the sample was taken out for sub-
sequent analysis. The schematic image of the equipment used for the
CCVD is presented in Fig. 1.
2.4. Sample characterization
To obtain information about both the structure and height of carbon
nanotube forests, the samples were investigated using a Hitachi S-4700
Type II FESEM (5–15 keV) scanning electron microscope (SEM). The
incorporation of nitrogen into the CNT structure was studied by energy-
dispersive X-ray spectroscopy (EDX) measurements with a Röntec
XFlash 3001 detector (20 keV). The quality of the carbon nanotubes
were examined using transmission electron microscopy (TEM, FEI
Tecnai G2 20 X-TWIN, 200 keV). Raman spectroscopy measurements
were also carried out using a Thermo Scientific DXR Raman microscope
(excitation wavelength: 532 nm) to collect information on the graphi-
tization degree of the samples.
Table 1
The gas feed during the syntheses.
Gas feed (cm3/min)
Substrate Nitrogen/Carrier Hydrogen Ethylene TPA-Ac
Aluminum 40 50 70 45
Titanium 40 80 70 45
Silicon 50 100 110 45
Fig. 1. Schematic image of the CCVD system.
A. Szabó, et al. Thin Solid Films 709 (2020) 138194
2
3. Results and discussion
In order to gather information about the nitrogen incorporation into
CNT forest structures we attempted to apply different metallic sub-
strates and various catalyst building techniques. However, in some
cases, not only nitrogen incorporation but also the formation of aligned
carbon nanotube arrangement was not successful either. For instance,
the application of PLD method facilitated the CNT forest formation in
the cases of silicon and titanium substrates, then again it was inefficient
using aluminum substrate [12,16]. Applying the dip-coating method a
general conclusion could be drawn, that the overall quality of the forest
(e.g. height, graphitization) was poorer using either of the given sub-
strates (except for silicon), probably due to the significant irregularity
(roughness) of the catalyst layer. The above-mentioned findings made
the proper comparison more difficult; however, after taking into con-
sideration these shortcomings, still valuable observation could be made
referring to the mechanism of nitrogen incorporation.
3.1. The effect of various substrates on nitrogen incorporation
In the literature, N incorporation into carbon nanotubes is generally
investigated on CNT forests made on silicon substrate; however, other
substrates can also be suitable to grow N-doped CNT forests. Moreover,
the properties of the substrates can have a significant effect both on the
structure and the height of carbon nanotube forests, thus they might
influence nitrogen incorporation as well. For this reason, CNT forests
were grown on the surface of three different substrates (aluminum, ti-
tanium, and silicon) in this study and the aim was to obtain information
about the structure of carbon nanotube forests, and about the in-
corporation of nitrogen into their structures as well. It is worth men-
tioning that different reaction conditions were set individually for each
substrate in accordance with the purposes of the present study.
Fig. 2 shows SEM images of the as-prepared samples while the
heights of CNT forests and atomic ratios obtained from EDX measure-
ments are summarized in Table 2.
From the SEM data it can be seen that the carbon nanotube forests
significantly differ in height which, besides the nature of substrates,
might be influenced by the reaction temperature as well. The applica-
tion of Si substrate – which is generally used to reach millimeter-high
CNT forests in the literature [35] – provided the highest CNT forest,
probably due to the synergistic effect of the high temperature used
during the synthesis (which favors CNT growth) and the advantageous
properties of the substrate. However, by analyzing the EDX results
which provide information about nitrogen incorporation, it was found
that the highest N/C ratio belongs to the Al substrate, which may be due
to the lower reaction temperature. It is well known that higher tem-
perature favors higher graphitization, thus the elimination of heteroa-
toms from the carbonaceous structure, therefore, the probability of N
incorporation is also higher at lower reaction temperatures.
Based on the above-mentioned theory it is a quite surprising ob-
servation that the lowest N/C ratio (0.17) was detected on titanium
substrate, which emphasizes the importance of the role of substrates
both in the growth of CNT forest and the incorporation of nitrogen.
Using silicon substrate, the N/C ratio was 0.20, which is a lower value
than that of aluminum but higher than the ratio obtained in the case of
titanium. It has to be mentioned that based on the literature higher
temperatures facilitate the incorporation of nitrogen into carbon na-
notubes [36]; however, this effect might occur due to the higher ability
of the applied N-containing source to be activated. The special behavior
of titanium substrate may be explained by the ability of the metallic
titanium to absorb [37] the nitrogen present in the system, which re-
sults in less nitrogen being incorporated into the carbon nanotube
structures.
Substrates were fabricated for blank synthesis, which differed from
the normal synthesis since no carbon source was introduced into the
system. These syntheses provided information on the morphology of the
catalyst particles and the substrate coverage. Representative SEM
images for each substrate can be seen in Fig. 3.
Based on the SEM images, it can be observed that the catalyst
particles were evenly distributed in the case of titanium and silicon
substrates, which is due to the fact that the PLD method can form a
more uniform catalyst layer on the substrate surface and the catalyst
particles have nearly the same diameter (Table 2). However, in the case
of the aluminum substrate, the catalyst particles were fused and less
separated, due to the fact that the dip-coating method was made it
possible to form a thicker catalyst layer on the substrate surface and the
mean diameter of the catalyst particles was also significantly larger
(Table 2).
The effects of nitrogen incorporation on the graphitic nature of
CNTs were investigated. As it has already been observed in the litera-
ture, higher nitrogen incorporation into the structure decreases the
graphitization of carbon nanotubes [20], therefore, Raman spectro-
scopy measurements were carried out (shown in Fig. 4) and the ID/IG
ratio values characteristic of the graphitic structure are listed in
Table 2. Since nitrogen incorporation might modify the structure of
CNT walls and ID/IG ratio values, consequently, defect sites in carbon
nanotubes can be correlated with higher nitrogen uptake. However,
reaction temperature also affects the graphitization degree. Comparing
these two effects, the following conclusions can be drawn.
Based on the ID/IG ratios calculated from the Raman spectra, the
CNT forests produced on the Al substrate showed the highest number of
defect sites, which can be in correlation with the highest nitrogen up-
take observed in this sample. In turn, the carbon product grown on
titanium substrate also contained significant amount of defect sites,
nevertheless, in this case it was not coupled with high nitrogen
Fig. 2. SEM images of CNT forests grown on various substrates.
Table 2
ID/IG values from Raman measurements, N/C atomic percentages obtained from
EDX, the heights of CNT forests (h) for various substrates, diameter of catalyst
particle from SEM and diameter of CNT from TEM.
Substrate N/C
(at.%)




Al 0.24 11.1 ± 1.1 1.27 86.1 ± 37.2 8 ± 2.7
Ti 0.17 15.7 ± 7.8 1.13 27.8 ± 5 15±4.6
Si 0.20 77.4 ± 4.6 0.98 26.2 ± 6.5 13±2.3
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incorporation, which may be due to the nitrogen absorption capacity of
metallic titanium mentioned above. CNT forests made on silicon sub-
strate exhibited the most graphitic carbon nanotubes due to the high
synthesis temperature, but the nitrogen incorporation is not negligible
in this case either.
As the next step, the samples were measured by TEM to obtain in-
formation about the structure of the CNTs and the incorporation of
nitrogen into the CNTs, which is shown in Fig. 5.
In the TEM images can be observed that the diameters of the CNTs
produced on titanium and silicon substrates were almost the same and
their structure were not different either, which may confirm the ni-
trogen incorporation observed by the EDX measurements. However, the
average diameter of the CNT was somewhat smaller for the aluminum
substrate, its structure was very similar to those grown on the other two
substrates, which may attest nitrogen incorporation, which was also
observed in EDX measurements.
Since from the as-investigated samples the highest nitrogen uptake
was observed when Al substrate was applied in the case of dip-coating,
thus a catalyst layer was built on the surface of titanium substrate by
the dip-coating method as well and then the nitrogen uptake was in-
vestigated in the same way. Similar experiments with silicon substrate
did not provide any aligned carbon nanotube structure.
3.2. The effect of dip-coated catalyst layers on nitrogen incorporation
Conclusions from the previous section, i.e. considerable N in-
corporation over aluminum (with dip-coating), and poor nitrogen
doping on titanium substrate (with PLD) highlighted the possible ad-
vantages of the former technique. Therefore, in the following experi-
ments, dip-coating was used to form the catalyst layer on a titanium
substrate, and the changes in nitrogen incorporation was investigated.
As it was already mentioned in the experimental section, when the dip-
coating method was applied the substrate was heat treated prior to the
layer deposition, which might result in a thicker titania layer on the
surface of the substrate. These experiments opened up the possibility to
reveal if the formation of an insulating layer between the metallic ti-
tanium and the released nitrogen can facilitate nitrogen incorporation
(instead of absorption into metallic titanium), thus increasing the N/C
ratio of CNT forests. Relevant results of SEM, EDX and Raman spec-
troscopy measurements are summarized in Fig. 6 and Table 3.
Based on the results it can be concluded that it is possible to achieve
CNT forest structure on dip-coated titanium substrate; however, SEM
images revealed that the structure of the CNT forests formed on PLD
layer is less dense, and they were slightly taller. From the EDX mea-
surements it can be seen that the amount of incorporated nitrogen in
these cases was 0%, which may be due to the fact that the titanium
absorbed all the nitrogen introduced into the system and the formation
of insulating layer mentioned above was not able to hinder this process.
According to the Raman spectroscopy results the sample contained a
small number of defect sites, nevertheless, the ID/IG ratio was found to
be even lower than in the case of PLD catalyst layer.
Therefore, further syntheses were carried out in order to promote
the incorporation of nitrogen. The original synthesis method was
Fig. 3. SEM images of CNT forests pre-synthesized with different substrates.
Fig. 4. Raman spectra of CNT forests grown on different substrates.
Fig. 5. TEM images of carbon nanotubes synthesized with different substrates.
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slightly modified, namely, after the reduction step only the gas stream
of the carbon source was opened to facilitate the formation of a uniform
carbon layer on the surface of titanium substrate, thus preventing the
absorption of nitrogen in the substrate. 10 min later the gas feed of the
TPA-Ac mixture was also started, later the gas feed of the TPA-Ac
mixture was also started, with the aim of incorporating nitrogen into
the just arranging carbon nanotubes forest structure. SEM, EDX and
Raman spectroscopy measurements were performed again on the as-
prepared CNT forests (Table 3, Fig. 7).
From the SEM image it can be concluded, that it is possible to obtain
CNT forest structure in this case as well; however, compared to the
previous sample, the height of CNT forest was doubled, and the CNT
forest did not develop as a uniform layer on the substrate surface, but
rather as a group of somewhat separated islands. Despite our efforts, no
nitrogen incorporation into the CNT forest was observed in this case
either, which may be due to the fact that the catalyst layer was thicker
and more uneven after the deposition process via dip-coating. The
rough catalyst layer can explain the irregularity of CNT forest on one
hand, and also the unchanged availability of titanium substrate for
nitrogen, on the other. Similarly as before, a blank synthesis was pre-
pared to obtain information about the morphology and CNT diameter in
the case of the dip-coated samples, which was then followed up by TEM
measurements (Fig. 8).
In the SEM image, it can be observed that the location of the catalyst
particles on the surface of the substrate was almost the same as on the
surface of the aluminum substrate (Table 3), due to the fact that the dip-
coating method forms a thicker catalyst layer on the substrate surface,
their diameter was also larger than the catalyst particles produced by
the PLD method. In the TEM image, the diameter of the CNTs was found
to be 23.36±9.46 nm, and its structure was not outstanding, which
may be due to the dip-coting method, as no nitrogen incorporation into
the CNTs was observed based on EDX measurements.
Moreover, Raman spectroscopy measurement demonstrated higher
graphitization which suggests the lower probability of nitrogen in-
corporation during the modified synthesis. Summarizing the effect of
“carbon pretreatment”, it was found that in contrast with prior ex-
pectation, the modified synthesis does not facilitate the incorporation of
nitrogen into the carbon nanotube structure. Presumably, the presence
of an insulating Al2O3 layer applied during the PLD method cannot be
replaced by applying certain conditions during the dip-coating method.
This layer can prevent nitrogen absorption and thus promote the
formation of N-doped CNT forests.
4. Summary
We studied the nitrogen uptake ability of CNT forests grown on
different substrates under optimized conditions for obtaining sufficient
yield. We can conclude that all the three applied substrates were cap-
able to facilitate nitrogen incorporation; however, the value of N/C
ratio and the appropriate layer building method varied significantly.
For aluminum substrate only the dip-coating technique, and for silicon
substrate only PLD was suitable to grow aligned CNT structure. The
application of titanium substrate resulted in the formation of the de-
sired forest structure with both methods, although there was a con-
siderable difference in nitrogen uptake. Further experiments confirmed
that this phenomenon can be attributed to the nitrogen absorption
ability of the titanium substrate in the absence of the insulating layer.
Although different synthesis conditions were applied for different
substrates, we can observe general trends. It is well-known that reaction
temperature can significantly influence the degree of graphitization,
therefore higher temperature is beneficial to fabricate CNT structures
free of defect sites, thus free of heteroatoms. This would indicate that
lower temperatures are favorable for nitrogen incorporation, but we
should thrive for a tradeoff, since too low temperature would not pro-
mote the activation of N-containing organic source. As our main finding
we confirmed that the fabrication of N doped CNT forests on conducting
substrates is possible, which may open the way for further applications
Fig. 6. SEM image of CNT forest grown on a dip-coated titanium surface.
Table 3
ID/IG values from Raman measurements, N/C atomic percentages obtained from EDX, the heights of CNT forests in the case of dip-coated titanium substrates (*with
10 min carbon pretreatment) diameter of catalyst particle from SEM and diameter of CNT from TEM.
Substrate N/C (at.%) h (µm) ID/IG Diameter of catalyst particle (nm) Diameter of CNT (nm)
Ti 0.00 18.5 ± 1.2 1.05 117.2 ± 47.3 23.4 ± 9.5
Ti_dip_10 min* 0.00 31.3 ± 5 0.91 117.2 ± 47.3 –
Fig. 7. SEM image of CNT forest grown on a dip-coated titanium surface with
10 min carbon pretreatment.
Fig. 8. SEM images of CNT forests pre-synthesized and TEM images of carbon
nanotubes synthesized with the dip-coated sample.
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to exploit their advantageous properties.
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